In many high-performance applications there is a need to join steel to CFRP parts. However the stiffness mismatch between these materials leads to high stress concentrations in such joints. This paper uses the biomimetics approach to help develop solutions to this problem. Nature has found many ingenious ways of joining dissimilar materials, with a transitional zone of stiffness at the insertion site commonly used. In engineering joints, one way to reduce the material stiffness mismatch is to gradually decrease the effective stiffness of the steel part of the joint by perforating it with holes. This paper investigates joining of flat perforated steel plates to a CFRP part by a co-infusion resin transfer moulding process. The possible effect of mechanical interlocking as resin fills the perforations is assessed by filling the holes with PTFE prior to moulding to prevent such resin ingress. The joints are tested under static tensile loading. The perforated steel joints show a 175% increase of joint strength comparing to non-perforated joints. Finite element analyses are used to interpret the experimental results. It has been found that the model is able to reproduce with accuracy the experimental load-displacement test curves and show the failure mechanisms of the joint.
Introduction
Joining of composite parts is a key issue because these structural discontinuities are often the Achilles heel of a composite design. In an ideal world, joints would be eliminated from structures altogether so as to remove these sources of complexity and weakness, as well as reducing weight [1] . However this ideal cannot be realised for many reasons, such as requirements for structure disassembly during transportation, access for repair and inspection, and size limitations imposed by the materials or manufacture processes. Adhesive bonding is a popular method for joining dissimilar materials because such joints have higher structural efficiency, excellent fatigue life, a particularly small weight penalty, and more uniform stress fields than alternatives such as fastening or riveting. Moreover adhesive bonding allows joining of dissimilar materials as corrosion can be prevented and different thermal expansions in the adherends can be accommodated [2] [3] [4] [5] [6] . When joining dissimilar materials, a ''hybrid" structure is created, which gives structural properties not attainable by any of the individual materials.
Joining of dissimilar materials, such as carbon fibre reinforced plastic (CFRP) or glass fibre reinforced plastic (GFRP) to steel or aluminium, is widely used in the aeronautics, aerospace, high performance sports, automotive and marine industries. However difficulties arise when joining dissimilar materials due to the large difference in material properties between the adherends. In particular a stiffness mismatch leads to high stress concentrations, and accordingly weak joints [7] . Since such joints are used in high performance structures, a new approach is needed to meet this challenge.
This paper uses the biomimetic approach to inspire a new joint design. Biomimetics is the imitation of nature's design principles as applied to engineering or man-made structures. Nature has the advantage of billions of years to produce an amazing range of design solutions to the many problems that biological organisms face. In particular the natural world has many examples where two components of differing material properties are joined together [8] . Hence a biomimetic-inspired approach to find an innovative joint method sounds attractive. However, biomimetics cannot simply copy the designs of nature because of significant differences between nature's materials and engineering materials. Vertechy and Parenti-Castelli [9] recommend the following steps in a biomimetic-inspired approach for the joints: (1) comprehension and analysis of the functionalities and the structure of biological joints; (2) identification of the features that may be transferred from biological to man-made types of joints; (3) devising the most favourable joint configuration that will highlight the identified features by considering the available technology and materials; and (4) by using the available technology, materials and the chosen joint configuration, design optimised solutions for the application at hand.
Following these guidelines an extensive literature survey of natural joint systems has been conducted [8] to understand the functions of natural joint systems and to identify features that may be transferred from natural to engineering joints between metal and composite. A common solution found in nature when joining dissimilar materials is to use a transitional zone of stiffness at the insertion site [8] . One example is the way that relatively compliant tendon is attached to much stiffer bone through a complex transitional region [10] [11] [12] [13] [14] . Other examples include the byssus threads that anchor mussels to rocky shores [15] [16] [17] , and the hard jaws of marine polychaete worms, which anchor to soft tissue at their base [18, 19] .
One way to apply this approach to engineering joints is to gradually decrease the stiffness of the metal part of the joint by perforating it. The concept of reducing the stiffness of a steel plate using perforations was first proposed and patented by Unden and Ridder [20] . Related studies have been conducted by Melogranaa and Grenestedt [21] , where perforated stainless steel to glass fibre reinforced vinyl ester composite joints with different surface preparations, adhesives and primers were experimentally investigated. Cao and Grenestedt [7] experimentally tested a co-infused sandwich structure with composite (glass fibre) skins joined to a perforated steel hybrid structure. Similar studies that remove material from the adherend with the larger stiffness to increase the joint strength have been carried out by Hart-Smith [22] , where he experimentally investigated adhesively-bonded double scarf and stepped-lap joints with dissimilar adherends. This paper builds upon previous research by applying the perforation concept to co-infused CFRP to perforated steel joints. The hybrid joints were numerically and experimentally investigated using static mechanical testing. The hypothesis that the resin or fibres in the perforations produce mechanical interlocking to give higher strength to the joints was experimentally evaluated, testing the assumption of previous researchers [7, 21] . A high speed camera was used to identify the failure mode of the joints.
The structure of this paper is as follows. The joint design concept and the perforated steel details are defined in Section 2, and the numerical modelling details are given in Section 3. In Section 4 the experimental methodology is presented, with the results and discussion of the outputs analysed in Section 5. Lastly, Section 6 presents the conclusions. Fig. 1 illustrates the proposed joint configurations studied in this paper, consisting of joints between unidirectional CFRP and steel parts. The steel plates were perforated to create a transitional zone of stiffness between the steel and CFRP adherends. These concepts were examined both numerically using the finite element approach and with an experimental programme of testing. As shown in Fig. 1 , perforated steel plates were inserted into a stack made of CFRP. There are three contact areas between the CFRP and the steel parts. The butt end of the steel contacts the middle layer of CFRP, while the top and bottom of the steel plate makes contact with the two outer CFRP layers. The same geometry was used for both numerical and experimental parts. This embedded joint geometry has been previously used by researchers to investigate the strength of perforated steel to GFRP adherends [7, 20, 21] . For comparison, reference specimens were tested with the same configuration but with no perforations in the steel part.
Design concept

Perforation details
A preliminary parametric finite element analysis (using linearelastic material properties) was carried out with the finite element software ABAQUS Ò 6.12 to optimise the perforation patterns used both in the experimental and numerical modelling, while keeping all the other aspects of the joint geometry constant. In this preliminary analysis, the following parameters were investigated: the number of rows of perforations, the perforation diameters, the distance between perforations, and the range of perforation diameters. Fig. 2 shows the predicted shear stresses r xy along the joint overlap length and the stresses r xx normal to the butt end of the steel part of the joint, for various ranges of perforation diameters. The locations with x = 0 and x = 60 mm correspond to the left and right end of the overlap length, respectively. The locations with z = 0 and z = 5 mm correspond to the bottom and top end of the butt edge of the joint, respectively. This preliminary analysis showed that two styles of perforation pattern performed well, a pattern with a maximum hole diameter of 4 mm (denoted ''SH" for small hole), and a large hole (''LH") pattern with a maximum hole diameter of 5 mm. In both cases there were seven rows of holes, with a change in diameter between rows of holes of 0.25 mm. These patterns are illustrated in Fig. 3 . The SH pattern most reduced the shear stress r xy along the overlap length (OL) of the joint, while the LH pattern most reduced the stresses r xx acting at the butt end of the steel part, which it was assumed was adhered to the opposing composite face. At the same time these configurations did not lead to very high stress concentrations in the steel part arising from the existence of the holes.
Numerical modelling
Following on from the preliminary analysis described above which was used to identify appropriate optimised hole designs, more sophisticated three-dimensional finite-element models of the chosen perforated steel to CFRP joints were developed with the finite element software ABAQUS Ò 6.12. A three-dimensional model was required to study the joint behaviour due to the three dimensional stress state introduced by the complicated geometry of the perforation patterns. The dimensions of the model can be seen in Fig. 4 . The overlap length and the free lengths of the steel and CFRP parts were all equal to 60 mm. The CFRP and steel adherends were modelled with elastic orthotropic and isotropic material properties, respectively. A full characterisation of the CFRP material properties has been carried out by GE Aviation (Dowty Propellers) but for commercial sensitivity reasons, representative values, which are close to the ones obtained, have been used for the numerical modelling. Material properties used for the CFRP adherends are presented in Table 1 . These correspond to the properties of the material used in the experimental specimens. The Young's modulus of the steel material was taken as 200 GPa and the Poisson's ratio as 0.28. Linear 8-node incompatible modes brick elements (Abaqus element type C3D8I) were used for both adherends. For convergence reasons, the mesh and geometry were kept consistent between the nonperforated and perforated joint models. Thus, in all the cases, geometrical partitions of the perforation patterns were created in ABAQUS, which were simulated with an isotropic material. This was steel in the non-perforated joint (i.e. using the same properties as the adherend) and resin Araldite LY564/Aradur 2954 (Table 2) the perforated joint. The mesh density was chosen as the best compromise between convergence, accuracy and computational cost. The mesh was automatically created by ABAQUS including bias effects, with smaller sized elements near the overlap edges and the butt end of the joint, and in the thickness direction near the adhesive layers. This approach was used because it is known that, theoretically, there is a stress singularity at the overlap edges [23] . To provide identical modelling conditions for the adhesive layer in all the models, the element edge size was taken equal throughout the overlap (with a size of approximately 0.2 mm). The final total number of elements in the model was approximately 315,000.
To calculate the load carrying capacity of the adhesive joints, cohesive elements were used for the simulation [24, 25] . The adhesive layer was modelled with a single layer of 8-node threedimensional cohesive elements (Abaqus element type COH3D8) with a thickness of 0.2 mm. The cohesive elements were placed in between the CFRP and steel adherends in the overlap and butt part of the joint (see Fig. 4 ). A triangular cohesive zone degradation formulation was chosen because of its simplicity, widespread use for investigation purposes, especially for brittle adhesives [26] , and availability in ABAQUS. A quadratic nominal stress criterion was used to define damage initiation, using:
where t n , t s and t t represent the normal and the two shear tractions directions, respectively. The quantities t o n , t o s and t o t represent the peak values of the nominal stress when the deformation is either purely normal to the interface or purely in the first or the second shear direction, respectively. An energy power-law mixed-mode criterion was used to define damage evolution as follows:
where G n , G s and G t denote the work done by the tractions and their conjugate relative displacements in the normal, first, and second shear directions, respectively. The quantities G C n , G C s and G C t refer to the critical fracture energies required to cause failure in the normal, the first, and the second shear directions, respectively. The value of a was chosen to be equal to 2. The material properties used to define the cohesive law were taken from the manufacturer's data sheets and summarised in Table 2 , based on the adhesive Araldite LY564/Aradur 2954 which was used in the experiments. A full characterisation of the adhesive material properties has been carried out by GE Aviation (Dowty Propellers), but as for the CFRP adherends, for commercial sensitivity reasons representative values, which are close to the ones obtained, have been used for the numerical modelling.
A geometrically non-linear static analysis was performed. Fixed boundary conditions were applied to the CFRP end of the joint. A displacement u x was applied to the steel end of the model together with a lateral restraint (see Fig. 4 ).
Experimental methodology
Specimen manufacture
The perforated joint concepts described above were realised experimentally using resin transfer moulding (RTM) to co-infuse and bond the composite-to-steel joint. A two-part mould was designed and manufactured for the purpose of this study. Spring steel plate specimens (EN 42) were cut to a width of 180 mm to fit into the mould. For high accuracy of hole diameter, the steel parts were perforated with a water-jet cutter. The steel parts were sand-blasted and cleaned before moulding, given the importance of surface roughness in increasing the adhesion [27] [28] [29] . Dry unidirectional CFRP fibres were placed in the mould around the steel plate to assemble the joint configuration (Fig. 5) . The resin (Araldite LY564/Aradur 2954; see Table 2 ) was then injected. A pressure cycle of 70 kPa (10 psi) to 483 kPa (70 psi) followed, with the temperature held at 70°C during this cycle. The panels were post-cured in an oven (using a 170°C post-cure cycle according to the resin supplier's recommended cure procedure). The panels were then cut by a water-jet into specimens with a nominal width of 30 mm. End tabs were not used. Further details of the design and manufacturing details can be found in [30] . In the standard manufacturing procedure, resin was able to flow into the holes to fully fill them. At some locations, fibres were observed to intrude into the perforations due to the pressure of the mould. It was hypothesised that the mechanical interlocking effect of these resin/fibres regions would enhance the joint mechanical properties. To test this hypothesis all of the holes in some test specimens were filled with PTFE plugs turned down from a circular rod of 6 mm nominal diameter, so preventing ingress of resin or fibres into the holes, see Fig. 5b .
Tensile testing and high speed camera
Static tensile tests were performed using an Instron 6025 test machine with a 100 kN load cell. A fixed displacement rate of 0.2 mm/min was used for all the tests. The specimens were tested until final failure. The load and displacement readings were obtained from the machine load cell and clip gauge extensometers with a 90 mm span, respectively. Displacement measurements were also taken from the test machine cross head displacement. The cross head displacement was significantly larger than the displacement taken from the extensometers due to the compliance of the machine. Extensometers were not used in all the tests, as the main aim of the experiments was focusing on the failure load. Wedge type grips were used for all the tests. The tested configurations consisted of five reference specimens (using non-perforated steel parts), five specimens with a SH and five with a LH perforation pattern. Finally four and two specimens, respectively, were tested with SH-with-PTFE and LH-with-PTFE perforation patterns. Fewer joints were tested for the SH-with-PTFE and LH-with-PTFE perforation patterns due to manufacturing limitations.
Cameras were used to image the initiation and propagation of the joint failure of selected tests. For the perforated steel configurations, a Phantom v.12 high speed camera was used to capture the catastrophic failure of the joints at a frame rate of 16,000 frames per second (fps). Halogen lamps were used to produce lighting needed to take high quality picture frames. A gold colour marker was used to draw lines through the thickness of the specimen to facilitate the visualisation of the failure. Because the high speed camera was able to capture with high accuracy only the last 10 s before the final failure of the joint, this camera was not suitable for recording the slow and progressive failure of the reference configuration joints. For these tests a PixeLINK camera (model PL-B873CU) was used to video the test at a frame rate of 0.1 fps.
Additional data related to this publication is available at the Cambridge University data repository (http://dx.doi.org/10. 17863/CAM.211). the overlap length of the joint. The perforated joint has only a small drop in stiffness before it fails catastrophically. By contrast, the non-perforated reference joint failed prematurely at the butt end of the joint steel part, with a crack propagating away from there to give failure of one of the two laps. This gives the sharp change in the load-displacement curve as seen in the dashed experimental lines of Fig. 6 . After this initial failure, the remaining intact lap was able to carry a further increased load until final failure occurred. Fig. 6 shows that the perforated joint exhibited a slightly reduced stiffness compared to the reference joint from the numerical models. The experimental stiffness for the perforated joint was in good agreement with predictions, while the reference joint showed a significantly reduced stiffness, perhaps due to microcracking in the initial loading phase. Fig. 6 includes as solid lines the load displacement curves predicted by the finite element models for the two joint configurations, again taking the displacement over a 90 mm span symmetrically covering the overlap length of the joint. Included in the Figure is a simulation for the standard reference configuration and an additional calculation where one of the laps of the reference joint was assumed to fail at the load observed in the experimental test. The numerical and experimental results are in good agreement for the SH joint. For the reference joint, the initial stiffness of the joint is well modelled, but the response associated with premature failure of one lap is not captured. However where this failure is explicitly included in the numerical model, the subsequent response seen in the experiments is well modelled, indicating the accuracy of the finite element model. Fig. 7 summarises the average maximum loads obtained from the experiments. The percentage increase for each perforated joint configuration, compared with the non-perforated reference joints, is presented. The error bars represent the standard deviation for each test configuration. As expected from the results of previous work on perforated steel to GFRP joints [7, 21, 31] , the perforated joints have a significantly higher strength than the nonperforated joints. The average maximum load for the reference joint configurations was 17.7 kN, while the average maximum load (a) (b) Fig. 8. (a) Catastrophic failure of a perforated SH specimen, showing selected frames from the high speed camera video (time proceeds from left to right as indicated by the frame number; the time between frames is 1/16,000 s), (b) schematic representation of the failure mechanisms seen in the images. was 47.6 kN, 44.9 kN and 48.7 kN for the SH, LH and SH-with-PTFE perforated configurations, respectively. Compared to nonperforated joints, the perforated SH with PTFE configuration showed a 175% increase of joint strength.
Results and discussion
Load-displacement response
Maximum load
The strengths predicted from the numerical models for the reference and SH joint configuration were 18.9 kN and 43.3 kN, respectively. Compared to the average maximum load obtained from the experiments, the numerical model over-estimated the joint strength for the reference configuration by 7% and underestimated the joint strength for the SH configuration by 9%.
The difference in the measured average maximum load for perforated joints with and without PTFE in the SH specimens was negligible. Thus, the hypothesis that resin or fibre ingress into the holes gives an increase in joint strength associated with mechanical interlocking is not correct for this perforation case. Instead it is presumed that the dominant factor which contributed to the significantly higher strength of the perforated joints, comparing to the non-perforated ones, is the transitional zone of stiffness. For the LH configuration, specimens without PTFE inserts were 100% stronger on average than those with PTFE. However the paucity of PTFE results (only two) and the large difference in their maximum load makes it difficult to draw firm conclusions regarding the mechanical interlocking hypothesis from this set of LH tests. Nevertheless, these results are included for the sake of completeness.
Failure observation using high speed camera
For the perforated joints, high-speed camera images showed that the failure initiated at the CFRP end of the joint with a crack propagating rapidly towards the butt end. The crack propagated at the steel and composite interface. Fig. 8 shows selected frames capturing the failure initiation and the catastrophic failure of a SH joint. Key failure events were identified from the high speed camera and are presented in Fig. 8 . It is worth noting that, for all the perforated joints, the whole failure event took place within 0.20-6.75 ms. The fastest catastrophic failure occurred in SH-PTFE specimens.
On the other hand, the low-speed videos taken of the nonperforated joints indicated that the failure initiated at the butt end of the steel part of these joints, propagating towards the CFRP joint end until the first lap failed (c.f. Fig. 9 ). From that point, the single intact lap carried a further increased load until final failure occurred.
No difference was observed in the failure mode of perforated joints with and without PTFE material in the holes.
These observations indicate that the perforations in the steel part changed the failure mode of the joints, from failure initially at the butt end for the non-perforated joints, to initial failure at the CFRP end of the perforated joints. It is inferred that it is this change in failure mode associated with the change in steel stiffness which gives the observed increase in failure strength. It is believed that the perforations arrest the failure mechanisms from the butt part of the joint and transfers the failure initiation/propagation to the CFRP end of the joint.
Visual specimen observation after failure
Visual observation after testing showed that the circular holes of the steel had remained circular, implying that only elastic deformation occurred. This is consistent with the observation that the non-perforated joints showed very little deformation prior to failure (around 150-200 lm elongation, see Fig. 6 ).
As mentioned above, the failure of the non-perforated joints initiated at the butt end of the joint. This is in line with the observations of Melograna and Grenestedt [21] from testing GFRP-toperforated steel joints in a similar configuration. The authors observed that, for the non-perforated steel joints (with and without surface primers), delaminations always initiated at the butt end of the steel and propagated towards the end of the composite.
Failure prediction in numerical models
The failure mechanisms identified experimentally in the perforated joints suggested that the perforations arrested the crack initiation/progression. Finite element models were used to predict and compare the failure mechanisms observed in the experimental results. Fig. 10 shows the damage progression and the von Mises stress distribution along one of the adhesive layers obtained from the numerical results for the SH steel perforation pattern. The output variable plotted in Fig. 10(a) to monitor the damage progression in the cohesive zone elements is the stiffness degradation in shear (SDEG). A value of shear degradation equal to zero corresponds to the undamaged material while a value of one denotes complete failure. Fig. 10 shows predictions of damage in the nonperforated joints initiating at the steel butt end of the joint and propagating towards the perforations. The joint reaches its peak load when the damage propagation reaches the end of the perforations. Final failure occurred with cracks propagating from both directions (towards the end of the lap; from the CFRP towards the butt end). The failure mechanism predicted with the finite element model can be divided into three events. These are damage initiation, joint stiffness degradation initiation, and damage propagation up to peak load. These are illustrated in Fig. 10 . Fig. 11 illustrates how the failure events of the joint affected the behaviour of the load-displacement curve obtained from the numerical modelling for the SH steel perforation pattern. In the initial stage of loading the joint stiffness was maximum. Although the onset of damage in the adhesive layer has occurred, there is only a slight reduction in joint stiffness. It is believed that the first row of perforations arrests the crack from the point of damage initiation to the point of joint stiffness degradation initiation (see Figs. 10 and 11). Joint stiffness degradation initiated as the crack propagated through the perforations. A progressive loss of joint stiffness occurred with the peak load being reached when the crack propagated up to the end of the perforations. Finally, after slight further deformation, the joint completely failed. The model showed that the perforations initially arrested and then delayed the damage propagation, as was hypothesised from the experimental observations. This demonstrates that the finite element formulation and material cohesive zone modelling adopted were able to capture the experimentally observed failure mechanisms.
Conclusions
A numerical and experimental investigation of CFRP to perforated steel joints has been presented. Small hole (SH) and large hole (LH) perforation configurations have been compared with a reference configuration without perforations in the steel. Compared to non-perforated joints, perforated joints showed a 175% increase of joint strength, a linear response, larger stiffness and failed catastrophically. High speed camera images showed that the failure initiated at the CFRP end with a crack propagating abruptly towards the butt end of the joint. By contrast, nonperforated joints failed prematurely at the butt end and a crack propagated away from there to give failure of the first lap. After initial failure, the single intact lap withstood a further increased load until final failure occurred. The factor that contributed to the significantly higher strength of the perforated joints was the transitional zone of stiffness that the perforated joints offer. Comparison of joints with and without PTFE plugs in the holes showed that mechanical interlocking of the resin and fibres in the holes did not lead to an additional increase of the joint strength in the SH specimens. Results were inconclusive on this point for the LH specimens. Comparison of experimental results and finite element predictions showed a good agreement of load-displacement curves. Similar failure and damage mechanisms were observed between numerical predictions and failed joint specimens. 
